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Development of a Pure Thermal Neutron lrradiation Facility in JRR-4 (1)

Neutronics Calculation for the Design

Naganori AOYAGH, Katuaki KANASUGI*, Yoshiaki OKA®,
Kazuo SAKAND and Akira YAMAMOTO

Department of Reseérch Reactor Operation,
Tokai Research Establishment, JAERI

{ Received November 26, 1985 )

Neutronics calculation for the design of a Pure Thermal Neutron lrradiation
Facility was carried out in order to realize a high thermal neutron field with
low gamma ray and fast neutron contamination in JRR-4 thermal column by the
modifications of the heavy water tank and the refiector in the core. Resulis of
one and two dimensional calculation for parameter survey by the discrete
ordinates transport codes ANISN and DOT were as follows |
(1) The light water layer between the core and the thermal cofumn should be
removed as much as possible to increase thermal neutron flux. Therefore,
a new heavy water tank and reflectors in the core should be larger to
exclude the light water layer.

(2) To decrease gamma-ray dose,bismuth layer (15 cm thick) should be placed on
the core side face of the thermal column.

The results were applied to the design of the Pure Therma! Neutron Irradiation
Facility . |t was estimated from one dimensional calculation that the thermal
neutron flux was about 8x10% n/cm? + sec and gamma-to-neutron dose ratio (D7 /bn)

was less than 0.5%.

Keywords : Research Reactor, JRR-4, Thermal column, Heavy Water Tank,
Pure Therma! Neutron Field, Neutronics Calculation

% Nuclear Engineering Research Laboratory, Faculty of Engineering,
University of Tokyo
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Table 3.1.1 Energy structure of 100 neutron and 20 gamma-ray groups
in units of eV
Neutron Group Gamma Group
group energy range group energy range group energy range
1 1.4918E+07 1.3499E+07 51 B8.6617E+404 0.7379E+04 1 1.4000E-+07 1.2000E--07
2 1.3499E-+07 1.2214E-+07 52 6.7379E+-04 5.2475E+04 2 1.2000E-+07 1.0000E+4-07
3 1.2214E-+-07 1L1052E-+G7 53 5.2475E--04 4.0868E--04 3 1.0000E--0C7 B.0000E4-06
4 1.1052E4+07 1.0000E+4-07 34 4.0868E+404 3.1828E4-04 4 B.0000E--06 6.5000E-4 06
5 1.C000E-+07 9.0484E--06 535 3.1828E+04 2.4788E-+04 5  G6.5000E 406 5.0000E-+ 06
6 0.0484E-+0G 8,1873E+06 56 2.4788E404 1.9305E+-04 6 5.0000E+ 06 4.0000E+4-06
7 8.1873E+06 7.4082E-+-06 57 [1.9305E404 1.5034E+404 7 4.0000E-+06 3.0000E 406
8 7.4082E406 6.7032E+06 58 1.5034E-+04 1.1709E5-04 8 3.0000E 406 2.5000E 406
9  £.7032FE 406 6.0653E+06 59 1.1709E+04 9.1188E+03 9 2.5000E-06 2.0000E =06
10 6.0653E 106 5.4881E+06 60 9.1188E-+03 7.1017E+03 10  2.0000E406 1.6600E 06
11 548BIE406 4.9659E-+06 61  7.1017E+03 5.5308E+03 11 1.6600E-+00 1.3300E-06
12 4.9659E 106 4.4933E=06 62 5.5308E+03 4.3073E+03 12 1.3300E4-06 1.000GE-+006
13 4.4933F 106 4.0657E-06 63 4.3074E-+03 3.3%46E-+03 13 1.0000E+0& 8.0000E 405
14 4.0657E4 06 3.6788E=-06 64 3.3546E-03 2.6126E+03 14 8.0000E+05 6.0000E-+05
15 3.6788E4-06 3.3287E=-06 65 2.6126E--03 2.0347E+03 13 6.0000E+05 4.0000E 405
16 3.3287E+.06 3.0119E+06 66 2.0347E--03 1.5846E4-03 16 4.0000E+ 05 3.0000E 05
17 3.0119E+06 2.7253E+06 67 1.5846E403 1.2341E+03 17 3.0600E--05 2.0000E—-05
18 2.7253E 06 2.4660E+06 68 1.2341E+03 9.6112E+02 18 2.0G00E+05 L[.0000E+05
19  2.4660FE 406 2.2313E+06 69 9.6112E+02 7.4852E+02 19 1.0000E--05 5.0000E-+04
20 2.92313E-+ 06 2.0190E+06 70 7.4852E-+07 5.8295E+4-02 20 5.0000E4 04 2.0000E--04
21 2.0190E-L06 1.8268E+06 71 5.8B295E+02 4.5400E+-02
22  1.8268E--06 1.6530E+06 72 4.5400E+02 3.5357E4-02
23  1.6530E--06 1.4957E--06 73 3.5357E402 2.7536E+-02
24 ]1.4957E-+-06 1.3334E+06 74 2.7536E--0Z 2.1445E4-02
25 1.3534E-+-06 [.2246E+06 75 2.1443E--02 1.6702E4-02
26 1.2246E-+06 1.10B0E+06 76 1.6702E-+02 1.3007E+02
27  1.1080E+06 1.0026E+06 77 1.3007E+02 1.013CE4-02
26  1.0026E-+06 9.0718E+C5 78 1.0130E-+02 7.8893E-0]
29  9.0718E-+-05 8.2085E405 79 7.8893E+01 6.1442E--01
30 8.2085E+05 7.4274E-+05 80 6.1442E4-01 4.7851E+0]
31  7.4274E+05 6.7206E+05 81 4.7851E+01 3.7267E+0!
32 6.7206E+05 6.0810E+05 82 3.7267E+01 2.9023E4-0l
33  6.08106E-+05 5.5023E4-05 83 2.9023E+01 2.2603E-+01
34  3.5023E+05 4.9787E+05 84 2,2603E-01 1.7603E+ 01
35 4.9787E+05 4.5048E+05 83 1.7603E-01 [.3710L4-0!
36  4.5049E+903 4.0762E4+05 8G  1.3710E+01 1.0677E-+0]
37 4.0762E-+05 3.6883E+05 87 1.0677E+01 8.3153E+00
38 3.6883E--05 3.3373E-405 88 8.3153E+00 64760E--00
39  3.3373E405 3.0187E+05 89 6.4760E-+00 5.0435E+00
40 3.0197E+05 2.7324E+05 90 5.0433E+00 3.9279E+00
4] 2.7324E405 2.4724E4+05 91  3.9279E+00 3.05%0E400
42 247°4E405 2.2371E4+05 92 3.0390E+00 2.3824E+00
43  2.2371E405 2.0242E405 03  2.3824E-+00 1.8504E+00
44 2.0242E+05 1.8316E4+05 94 1.8554E+400 1.4450E-+00
45 1.8316E+405 1.6573E-+03 95 |.4450E-+00 1.1254E-4-00
46 1.6573E4+05 1.4996E405 96 1.1234E--00 8.7642E -0l
47 1.4996E-+05 1.3569F+05 97 8.7642E—01 6.B256E—01
48  1.3569E-+05 1.2277E-+05 98 6.8236E—01 5.3138E 01
49 1.2277E+05 1.1109E+05 99 5.3138E—0I 4.1399E—0I
50 1.1109E-+05 8.6617E-4+04 100 4.1399E—01 1.0000E—03
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Table 3.2.1 Mesh intervals for one-dimemsiocnal calculation
by ANTSN (01d heavy water tank)

Region Material Material Width Mesh
No. No. . {om) No.
1 Core 25 8.1 4
2 Hp0 1 1.0 3
3 Core - 25 8.1 4
4 Refrector 3 16;2 8
5 Ho0 1 4,1 12
6 AL : 7 1.5
7 H,0 1 2.5 5
8 Al 7 1.5 2
9 Pb - 19 15.0 BT
10 a1 7 2.0 2
1 D50 37 40.0 20
12 Al 7 1.0 1
13 D0 a7 40.0 20
14 Al 7 2.0 2
15 H0 1 5.5 15
16 Al 7 0.5 1
17 K0 1 1.0 4
18 51 7 2.0 >
19 Air 13 1.0 1
20 N 7 1.0 2
21 Air 13 50.0 10

Table 3.2.2 Comparison of calculated and measured
thermal neutron fluxes and gamma dose
rates at r=154cm (inside of thermal
column : 0ld heavy water tank)

r = 154 cm Calculated Measured

Thermal neutron flux 8 g
(n/cm¥sec) 3.21 x 10 4.5x10
Gamma dose rate 6.45 x 103 1.1x10%

(R/h)

r : Distance form the core tank
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Table 3.3.1 Rem factor for neutron and gamma ray

rem*h~!/nkcp—2xg—! rem*hnl/photon*cm'z*s_l
Group REM factor Group REM factor Group REM ~factor Group REM factor
1 1.508(—4) 31 9.629(—5) 61 3.276(—6) 91 4.472(—6)
2 1507 (—4) 32 9.123(—5) 62 3.181(—6) 92 4479 (—6)
3 1507(—4) 33 B612(-5) 63 3149 (—6) 93 4483 (—86)
4 1.5086{—4} 34 8101(—5) 64 32170 (—86) 94 4484 (—6)
5 1505 (—4) 35 7.592(~5) 65 3233(—6) 95 4.482(—6)
6 1.505(—4) 36 7.091(—~5) 66 3330(—6) 96 4.475(—86)
T L503{(—4) 37 6.600(—=5) 67 3453(—56) a7 4465(—6)
8 1502{(—4) . 38 6124 (—5) Y 3.502(-86) 98 4451 (—6)
9 L500{(—4) 39 5664 (—5) 69 3745(—6) 99 4432(—6)
10 1.497(—4) 40 5223(—5) . 70 3798 (—6) 100 3.761(—6)
11 1494 (—4) 41 4803(-5) 71 3849 (—s6) 101 L0906 (~5)
12 1489 (—4) 42 4.406(—5) 72 3899 (—6) 102 9.260(—6)
13 1483(—4) 43 4033(-=5) 73 3.946(—6) 103 B.400(—6)
14 1476 (—4) 44 3.684 (—5) 74 39%2(—6) 104 7.250(—6)
15 1.466(—4) 45 3358(—5) 75 4035 (—6) 105 5850 (—6}
16 1.455{—4) 46 32057(—5) 76 4077(—6) 106 5.000(—6)
17 La4d42{—4) 47 2780(~-5) 77 4117(—6) 107 4.290(—6)
18 1.426 (—4) 48 2525(—5) 78 4156 (—6) 108 3.720(—6)
19 1407 (—4) 49 2292 (~5) 79 4192{—6) 109 2180 (—6}
20 1.386(—4) s0  1935(-s) 80 4.227(—6) 110 2930(—6)
21 1362(-—4) 51 L520(-5) 81 4.280(—6) 11t 2570{—6)
22 1334{-4) 52 Lzo0(—5) 82 4291(—-6) 12 2.000({—6)
23 1.304(—4) 53 9583 (—6) 83 4.320(—6) 113 1.600(—6)
24 1L270(—4) 54 7.763(—6) 84 4.347(—6) 114 1.2806(-6)
25 1.233(—4) 55 6402 (—-6) 85 4372(-6) 115 9.260(—7)
26 . L194(—4) 56 5392 (—6) 86 4394(—6) 1186 6330 (—7)
27 L152(—4) 57 4.647(—8) 87 4.415(~6) 117 4.290(—7)
28 1.107(—4) 58 4104 (—8) 88 4433 (-6) 118 2240(~—7)
29 1061 (—~4) 59 3.716 (—6) 89 4449 (—86) 119 1.080{—7}
30 1.012(—4) 60 3.448(—6) 90 4.462(—6) 120 2.340 (—7)
Table 3.3.2  Kerma factor rad*h™} /n*em™ 2% g™ 1
GRP FaCTOR GRE FACTNR GefP FACTQOR GEP FaCTne
1 2.332z-0% 26 8.708E-06. 51 1.880E-06 76 6.%01E—-09
2 D 1 ALE-NR 27 R AGHAE~-Of# 57 1.870F=-44 77 R 8A1F—-049
'3 Z2,0%96E-05 26 8.243E-G¢6 €3 1.301lE-06 78 5.166E-419
4 2 1A=-AS 26 7. 445F -0k 4 1,0578-44 76 & . 7&15-49
5 1.910e-845 30 7.00&E-08 55 8.611E-Q7 80 4.448€-09
A 1 Rnr32s-0n% 31 B, 4R7TFE=-06 56 _H.9&15=07 Bl 4 T8/2TC-409
7 1.795€-05 32 6,347E-06 57 5.5Q1E-07 82 4.4178-09
8 ) Fe1Z-NS IZ_4,.0n3NE-06 58 & .3RI1F-07 R3 & .372=-09
9 1.63LE-05S Ja §5,771E-06 59 3.495e-Q07 84 4,957£-0¢%
In 1 8539AZ-0%8 35 5., 810F-n¢ g0 2.7K/AE-07 RS S5,407FE-Q09
11 1.8572-4¢% 36 5.7298-068 61 2.181e-07 84 5.756E-409
12 1 _&19E~0A5 37 5 23%4E=n4 f2 1V 11 7E-07 A7 &.307F-09-
13 1.471E-0S 38 4.838E-06 63 1.347E~07 88 7.103£-09
14 1 4AAS—AS 26 4 SSAE-A6 AL ] . NEAE=NT RG 7 RABE-19Q
135 1.440E-0% 40 4.3)10E-Q06 &3 B.Z&5%E-(Q8 %0 8.813E~-09
1A 1.355%€=-06 4] & . 079FE-0n 46 A, 473E-08 91 _1.007=-08
17 1.293E-0¢& 42 3.860E-0E 87 S5.069E-08 92 1.1242z-08
i3 1.185£-409 63 3 A4T7E-06 68 3.978E-(085 93 1.299E-08
1§ 1.133E-05% 44 3 426E-06 69 3.126E-08 94 1.501£-08
A 1.01955-05 45 3. 903F-06 76 2.642E-G8 95 1.6537-08
ZL 1.041E-03 446 3.021E-06 71 1.945E-(8 94 1.846£~08
2 1.02QE-405 47 . 2. A33E-0¢& 72 1.545E-08 97 2. 106F—~(8
T3 ¢.716=-06 48 2.453E-(6 73 1.235E-GE 98 2z.359g-08
76 9 .3352-94 49 2.503F-08 74 9.9%4E-0¢ 99 »2.672c-408
25 9.00Cz-36 5¢ 2.243E-9¢ 75 8.240E-C9 100 4

.563E-08

neutron

Qamma—ray
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4. ANISNz— NIz Xk 3 1 RIGEHE

41 INSA—F s H-RAHE . 1

IG5 A —F e —NAHEDE 1 BRE LT, HECERY v/ OHART, AP FHORE
ERELTABKBERRIEAEL L, COBEORBHEEFVELTE, BRKY v 70K
BEALRNBETHEEEZL oLtk D A, B 2EEZEAL

%?wA:Fgaz1m%¢;5mﬁ&é§mﬁya&#_vwn%AﬁmﬁmééviVﬂ

v HEARAD L Fem OBRNBAEE TE/DTDOPIT L IREFAT Do

7B I Figd L1itnddoin, BKBE2ESTELOERY VIDERERE{(T S

(107.6cm), BT AHERBORESE, EXKY Y IORREEATICINTN
5, 10, 16cmic#E A %, & HFPLAORKEAEC T L7, KEO RERKHTE
@AKB 4 lem FFRGHR LIcb D) RARDPA 5o

EF LA DFHEERESL Table 4 1 1ic, 7B P4 Table 4 1 21077, BBIHEHE
B, #+—= 37 AEZRNOFLHEIR Ptk s 154om) DEEIRBT ETH 5o

INLOHBEIC OO TOINBETHROD SHHEIE L7,

(1] =F VAT, BEFdsE1.6 x10°ncnf-sec THEBTOMEOFER (3.2 x 10°

n/cnf rsec) OF A8 TG S,

20 =7 VB THEOKRERENE 3£ scmick /by #1184, BubiETFHiE, ¥63x10°
n/cmd ~sec T, HBAOBER OHREOKHBEERECHET S, F-BERFERLIETH
e na5 AENOT Y BRAER, BEASENLEY, TAE, Y35 AEDH
YRR E, PO OoEECAT YTRI0S, FICIMFICIZ 2RI »wiROERBICL S
EDTHHLEEFTL TV B,

Table 4 1. 1 &L Table 4.1 2 DFEENRET L HITBhiE FOREANIEETS, v <8
DIRAFIEL (HEAFDF v 7 DRDOEAEL DR E TN ED) | -3 7 LEN
] SlpD 7 wRER A B R EDRBEL L THEBENS ~ 12, ZT THROH (4 2
IR DR DT, I SICEEN YT 2 — 4§ « 1 —~NAFE AT 57

4.2 NSA-F ~H-RAHE .2

AET (B4 1E) B TERPH TROBMOAES VL ET VB EhE#EIScm DES, DR
700 L) AT, EWBE I A OFEMIINT A= =4 iToF, BETL
FORKRDEHSNRIERIECDVWTTH S,

BMobikFHRA T /20D W

H v = (R AF DR O 72 DR

SR P R AR OO 7 DR
31 # —% K LiF BO b iiEg s

® @8 0
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421 BhWFREBT/IHONE

Aotk rHsEmas g o700, JKY v 7K MET AEEREK (15cm) OFS %L bOH
KDEFLVTH Bo

@ 15cm OBERE =7 100

® K4 F TEF 101

© HEk (bvel®B)+ 7w =k (85vel %) T =571 102

@ ®K (100vol %) 1 =5 103

NODETFNVERDTRE Figd 2 1I1RT . /3B OERE Table 4 2 1IGRT,

CORDPAT L IICET v 103 GHERARLFEKICZEAIGE) PROETIRGE( 5.7 x
10°n,/cm®+ sec TH B,

EEICRIH v RIBAEE TF A0, +— <05 £ FORORIFIfICEREE E S
BH0, FEOBEFL (£EFL100~103) 20T, CCTIREDHZFH0em F B
BEDHE (70 100Pb~103Pb) £iT- 1 TR 6D EFLEAEFigd 2 24, T 0
B4 Table 4. 2 21zmd, SEART LI 70 103Ph A —FH<, #bhEFdid 117 x
10°n/em? - sec TH B, UL, EbET O HEE (1> 100 /cnf « sec ) iIT T, £75 147
B SO HBETIRENS L, F2TEKY »IOATHHTRNEEL -THBET L= gL
OHTHR (BEX 1cm) 2% 43cm 5 147cm OFEEF 2 TERKIIHIC LI BEEHE L.
zDEF N (113Pb) % Fig 4 2 3iTRd, Table 4 2 2 D3RR ORBEOHICRT LD
#htEToid, 31 < 10°nenfesec SR SEEICIE ATV B, CHIET v = ADETHIC L
AT Ao F — DRI - 7270 TH b

4.2.2  Hv IR ARDER

H v e ERALBOERD 72635 A — 5+ —_AFHEEIT i, H—=v3 FLBERICH Y
TR A HEOIBS, Table 42 1md LYl EOE FVEHH v 2fRAE (Dy/ Dn)
i, B0~100% & &b, CACH LT, #—7a 7 LFORIMlICE S 20cm OHERE 2E
WESOREREITTIC Table 4 2 218 L TH B, 2ORBRICLLE (D Do) iE, 42D
EOEFMEENTE 2 1B EASHED LT B, L LEEED (D Dn ) 1%BLIADE
IR TER 2EBEE, A5ERBEOLENH L, MM BESICH VDAY < HERK
MELTH BEOFRCLIOER-ZAMNEREINTVE, £TT, TTLTREATAOCERK
FEB, FORBOESERKHB2%, 10cm, 15¢cm, 20cm EF&%5%EZ, Dy/ D fEQE
(VAN CONT A — g« —~AFEITE, H—=3 5 AEZ0RLMIEETO A Y <
BARD -BENEF L 100 BLP 00Ph DEREACTIT-/, Fho0®EFvE% Fig 4
2. 412R %, Table 4 2 345k d &2 (Dy/ Do) & $uw Ofh S8 L TE R < AR
DE X, 15cm MHEETH L. ILEELCE, ShrL LT, © 2+ X EKE & HEREE
HE§ 2 &R 20cm OFEXTERRDE LML ER 7 20 HEtkFO BRI DIL ¢,
WS LCORESENTO S,

B®RYT BAROBEHTHEAE SALZET LSBT, CA7 AERETFHOZEAD
SE AT o, FOEFTAMNE Figd 2.41C, ERA Table 4 2.4 d, TDOEDICES 15

J— 15 .
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cm D E A7 ZERAE BB E, BOHFIREH 8 x10ncmf - sec, F = HHEAREY
0M%BLILD, TOBREN v <BRAR1IBLUTOHBEBERHMER SN LS, BpEFREH
B4 DL FES, ZCTHY<BBEAEPZLEN L T 2 v 2 EHFOCES £l 71
MEOUTROBEETSH 2 1.0 x10%,cm’ « sec ERTEETHL I,

4, 2.3 SRR AR ER

SE R ARIC DN T, L EDOY — <A QEEIE ARSI -2 P URET 5 BER
Loy AN, HEBAETIRESI - o, =<4 Q@EfE TR, THEFHREETE09
By v IRICHA B - ERE B f, COEAR, EEPIETFIREAZSBING 50
BILHE, FA FERETRT 570 =9 LHEHC & D PT RIS D, DR o
STHE R EMDh i,

4,24 230 A —%HLiIF BDOEKDR

EBIBHE AT SESCA NS ) 4 —9 OMEE LTHE, 2KRPHETFRED/NEXOLIF
HALDEBNEL LNT VAR, 2T, LiFBiy—<ia 7 2ZRNO A v~ EEKAER
KBRS, BuhTRA CORBE TR 8 TE 2hfkal Uiz, 7wk s LT
Z7Z20cm%F R, FOBEBIZLIFRE 2cm 2BV 2B L EWEAIC Y20 TORE S Table
4 250K T, WEFNDEF MCEOTHBPHTORNEAKE LI F 2emic & ) Bt T3
ZIMBEENSOh, Bl To sy 4 -9 L LTHRBI DT &M -7,

4.3 FHEHER

1IRIEDNFTA—F ~H—~_AHBLG =RV 13T, Hy o8Bl s LT — w37 6%
OIFLAIC R 7 Z 15em 2&E 0 IBEVRBOERES
CDETITo1e¥5 4 =4 F—XAHBEOERET LOILELUTOBED TH 5.
(1) $Fls v oot —= 02 7 LEE TORBIC RS FBEEL LR SEPHFRARS
T 20THFEL O,
(9) M, Sl TASENICREI Y AHIREERET VI v L DESBRENEE
Aoni-BAhETE MY 28&ICE, EKRKEGOABE RS L L,
(3) A v EERARE, Y33 AZATEHOBEVOME N Y v MEDEREEL T, £
DEEM OHRICE  OPRETH 5,
M) BPHTIEEB5IEA0N v BERME LTEBX VAT A0APEVWC EFHET
RNl
B 2 UA—F#HELTLIFARAVLES, 2cmOEXT, BT IRIE SHEE M5,
753 Appendix IT, 1IRTCIHBTREE SN €7V 113, B2 EKAE 15 cmDEFRO T
FF -2y s T HEEE S AT .
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Table 4.1.1 Calculated dose rates inside of the thermal column (at
r=154 cm) with 5.5 cm thick aluminium layer outside

D,0 tank
JWith 5.5 cm thick aluminium
layer at r=143-148.5 cm
0ld tank (outside D20 tank)
Thermal neutron flux 8
ooy 3.21X10 1.56x10°
Neutron dose rate(D )
o n 2.18x10" 1.04%10°
Neutron dose rate(D ) 3
S h 1.22%10 5.90X10°
Fast neutron dose rate 1 2
(Df) ( 0.1 MeV,Rem/h) 1.26X10 1.14X10
Gamma dose rate(D ) 3 )
(R/h) g 6.45X10 6.91%10°
D /D
g n (%) 528 17
Df/Dn (%) 0.64 .0+19

r : Distance from the core center

Table 4,.1.2 Calculated dose rates inside of the thermal column
{at r=154 cm) as a function of lead layer thickness

Lead Layer Thickness 5.0 10.0 15.0
Cem)

Heavy Water Layer 36.0 91.0 96.0

Thickness ( cm )

Thermal Neurton Flux 6.31X10° 8.25X10° 4.73x10°
( n/cm¥sec ) '

Neuron Dose Rate(D,) 4.16x10% 4.11x107 3.11x102
( Rad/hr )

Neuron Dose Rate(D,) 2.38x104 2.35x10% 1.78x10%
( Rem/hr )

Fast Neutron Dose Rate(D¢) 1.20x10* 1.05x10¢ 9.44

{ >0.1MeV ,Rem/hr )

Gamma Dose Rate(Dg) 1.46x10% 1.41x10% 1.08x10%

( R/hr )
Do/ Dn (& 61.3 80.0 60.7
D:/Dn (%) 0.05 0.045 0.053
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Table 4.2.1 <Calculated dose rates jinside of the thermal column (at
r=154 cm) without lead layer for gamma-ray shielding
calculation- bth Dn Dfn D+ Dy/Dn  DEn/Dp
al model (n/cmz.sec) (rad/h) {rem/h} {rad/h) (R/h) (%} (%)
<100> 4.509%x107  2.969x10%2  1.697x10%  8.952x10-!  1.066x10% 62.8 0.30
<101> 4.028x102  2.697x102 1.522x10%  5.219x100 1.791x10%* 118 1.94
<102> 4.890x109 © 3.221x10%2 1.841x10% 1.208x100° 1.494x10% 81.2 0.38
<103> 5.742x102  3.781x102  2.161x10%  1.237x100 1.698x10%  78.5  0.33
Table 4.2.2 Calculated dose rates inside of the thermal column {(at
r=174 cm) with lead layer for gamma-ray shielding
calculation- $th Dn Dfn Dy Dy/Dp Pfn/Dp
al model (n/cmz-sec) (rad/h} (rem/h) {rad/h) (R/h) (%) (%)
<100 Pb> 8.866x10%  5.s42x10l  3.340x103  2.320x10"!  7.032x10l 2.1  0.40
<101 pb> 7.509x108  5.126x10!  2.8ssx10%  1.353x100 6.080x101 2.1 2.6
<102 Pb> 9.731x10%8 6.419x10!  3.667x103  3.132x1i0”!  7,743x10} 2.1 0.49
<103 Pb> 1.174x10%  7.753x10!  4.421x10%  3.208x10"! 9.333x10! 2.1 0.42
<113 pb> 3.076x10°  2.022x102 1.158x10% 3.084x10"l 2.471x102 2.1 0.15
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Table 4.2.3
calculational model 100

Dose rates outside of various gamma-ray shields for

I;;aiaEZiiii— Pth Dn Dfn Dy PY/Pn Dfn/Dn
2. .

% thickness (n/cm?4-sec) (rad/h) (rem/h) {rad/h) (R/N1) (%) (%)
Pb 20 cm 8.866x108  5.842x10l  3.340x103  2.320x10-1 7.032x10l 2.1  0.40
Bi 20 cm 1.922%x102  1.265x10%  7.235x103  4.p08x10-1 2.574x10l ©0.36 0.32
Bi 15 cm 2.234x10% 1.536x102  8.786x103  4.704x10"1 3.797x10t 0.43 o0.31
Bi 10 cm 4.542x102  2.980x102 1.706x10% 5.576x10~1 1.523x102 0.90 0.19

Table 4.2.4 Dose rates outside of various gamma-ray shields for

calculational model 113

I;;aia§2;ii§" ¢th Dn Dfn Dy Dy/Dn Dfn/Dp
2.

s thickness (n/cm<-sec) {rad/h) (rem/h) {rad/h) {(R/h) (%) (%)
Pb 20 cm 3.076x10%  2.022x102  1.158x10%4  3.084x10-1 2.471x102 2.1  0.15
Bi 20 cm 6.684x10%  4.392x102  2.515x10%  5.316x10"1 s.951x10l 0.36 0.12
Bi 15 cm 8. 092x102  5.317x102  3.045x104  6.240x10"1 1.332x10% 0.44 0.12

Table 4.2.5 Effect of 2 cm thick LiF layer on neutron doses inside
of the thermal column
without LiF collimator with LiF collimator
calculzzional Sth P Oth Dy
o (n/cmz-sec) (rad/h) (rem/h) (n/cmz-sec) (rad/h) (rem/h)
<100 Bi> 1.922x10%9  1.265x102  7.235x103  1.991x10%  4.349x10°1 1,324x10l
<103 Bi> 2 sa9x10?  1.678x102  9.596x10°  2.640x10°  5.935x10"1 1.787x10%
<113 Bi» 6 e84x109  4.392x102  2.515x10%  6.920x10°  8.576x10-1 3.365x10}

* lead layer of Fig. 3.2-2 is replaced by 20cm thick Bismuth

— 19
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Table 5.1.1 Energy Group Structure for Collapsed Group
Constants

Neutron Group

group Energy range (eV) AU
1 1.492 x 107 3.329 x 10° 1.5
2 3.329 x 10° 8.209 x 10° 1.4
3 8.209 x 10° 1.832 x 10° 1.5
4 1.832 x 10° 4.087 x 10* 1.5
5 4.087 x 10" 9.119 x 10° 1.5
6 9.119 x 10° 2.613 x 10° 1.25
7 2.613 x 10° 5.830 x 10°? 1.5
8 5.830 x 10° 1.301 x 10?2 1.5
9 1.301 x 10° 2.902 x 10° 1.5
10 2.902 x 10! 8.315 x 10° 1.25
11 8.315 x 10° 1.855 x 10° 1.5
12 1.855 x 10° 4,140 x 107!} 1.5
13 4,140 x 10~%* 1.000 x 107° 6.03
Gamma-ray Group
group Enerqgy range {(eV) -AU
1.400 x 107 5.000 x 10° 1.03
5.000 x 10° 1.330 x 10° 1.32
1.330 x 10° 5.000 x 10" 3.28
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Table 5.1.2 Collapsed Response Function (Kerma factor)

(rad.h~!/n.cm~2.5"1)

Group Factor Group Factor

1 1.5%70 E-05 1.1680 E-08
2 9.8890 E-06 4.8110 E-09
3 5.4410 E-06 10 5.4210 E-09
4 2,4010 E-06 11 9.7490 E-09
5 6.4460 E-07 12 1.7640 E-08
6 2.0320 E-07 13 6.5630 E-08
7 4.6000 E-08 _

Table 5.1.3 Collapsed Response Functiom {(Rem factor)

{(rem-h~!/n.cm™ 2.5 1)

Group Factor Group Factor
1 1.4900 E-04 9 4.2100 E-06
2 1.2760 E-04 10 4.3710 E-06
3 1.9610 E-04 11 4.4640 E-06
4 2.2510 E-05 12 4,4640 E-06
5 5.2580 E-06 13 3.7610 E-06
6 3.2490 E-06 1 6.9020 E-06
7 3.5360 E-06 2 4,.2060 E-06
8 3.9730 E-06 3 ' 1.7640 E-06
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Table 5.1.4 Fission Spectrum of “*°U by Thermal
Neutron obtained by Watt's Formula

group Spectrum (n/group)
1 1,708 E - 01
2 5.836 E - 01
3 2,123 E - 01
4 2,955 E - 02
5 3.314 E - 03
6 3.350 E - 04
7 5.445 E - 05
8 5.745 E - 06
9 6.059 E - 07
10 6.041 E - 08
11 9.785 E - 09
12 1.031 E - 09
13 1.216 E - 10
Total .. 1,000 E + 00
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6. PMETBHEIE

6.1 EKORBEMGIRDE

HEEDEKRY v oNORE TR EA B, BRIy 7 CELD G LEENT 5
TEMFRMEND, LTy 7NTORMFE LU A Y vHORE, & OICRERTMIT
EAEREAZADIER, ¥ 7 OERNGEHELE LOBEBRUMBMALELHREELH S,

%CTANENJ#FK&%lﬁﬁbNif—&-#fN4ﬁ%T$bk¢@?ﬁ&ﬁV7ﬁ
05 v NOREE LSRR ERD .

By v W TOFEBGTECHLEL 35 B TRAFRBBICER T 5 H/KO DU TEBRE
(Kerma Factor) &# Y~lR4RABICLHRT 2ER > 2 v ¥ L HBIEH (Mass Energy
Transfer Coefficient) &, FiZIK>\ T3 JRR—3HERETH I EHRE 21/c Mack—4 &
2 t¥ Macklib—4 27— Fic kD ENDF/B-NOEF— ¢ OfER L7 A7 Fr 27 LD
KL ABEEEE AT THLD, BEKks v I NORENTR Y P vEELHELT
RADHEAT-V3 v R74L0D 100 HOBREICHKY L, $/#&Ic>20 Tk, ENDF/B-N
O F— 55 RADHEAT-V33— FyR7 4$icH 5 GAMLEG-JR 2 - Fit J Q20880
R RAEAERR U oo

REMAF B L ERBEOHETE, Ky vy OBELEOREAIHEE LTY —wiv 2 7 L%
HE~XalAE D ANISN 2 —Fit k3 1 ikmal o FRBLUN v w#Ep o R RAEE
& - Tl [ OB A A ke, Tk o BXHAEGEIC S DM ERE LTV 5 ERE
LT, AR ABRES LT v 7 ORERELEL L.

RICHRHMEITETRS SNAEKRSY Y IRNOFETEL A Y w02 v F-520 GlE
A HOTHENESBIc L 0 RET2EAENADR L0, GHEE, BRPOEERES pH
BECEBANLY, TITCH JRR-2OEMELVBE LA 01 LS HEEH W, BKS ¥
2D BREE L WEHE AR OB A Table 6.1 LITRE, st EOMER, WUBHBROEKD
B momRE R, 1ERIN0K08 ) v FUEEEFHISNE O A SPOBEREEEEEAT
BLHBESHA D, WEBOEKSY ¥ 7 ORI TH IO,

6.2 BKEEOEE

WEEDEKY v 7 ARERERT2EKE, ERREORNC LD #dEFROBR +4T
B, TXREOEBOHEOLOFERKT LLENS 5, FIEFHTEEAEKE LT, BE
995 mol % ( JRR—3EINEK) & 95mol% (JRR—2[)IKEK) OIS SHHID 2%
OB K EEOEC T 28 o DR E O B Z 5 L7

HER, XRAOY Y7 EHBEOSY VD@ DETVCHONT, ANISN 2 - Fit k51
WIS 7 A —8 « = NAGFEEEROFETIT 700 TREKBENZELLRHFOEKERT
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Ve 100 B, A <208 OEERROMRWEEEE RO TR, SIEHRE Table 6.2.1
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BEPHE T ROMENAS O, Fiz 95mol % (JRR—2 MINEAK) A EAHT & 100mol DK
D4HD 1 BECHETETEEEL AL REEDOBRAEAELNTS 5,

6.3 H—TIIASLEOERTHE

WERD TS Y7 EBE LI IBE, F—< T 5 LEDPHE TR & A Y <R AR 1
WL, FORY— =137 LEAORMHEORBNOENOTH S NS, & ITHMT 555
ERNAR S, Y- a5 AENICHICHERE S RET AT LBEA LT 5,
7 OBE, HHERAOREEF© £ OESHE(L LB a0k I D0 THETHHME L7,
Bl 7 AEORE, FCHKE SN AEREDE L Fig 6.3 11TmY,

COMEREETICE T — v T 7 AERICHNADRNHFTRE S 2 2IRT Y <ROBM%E
B¢ 72, EX Smm OF o VIR ZBO A 5,

HEE, ANISN 3 — Fig kB 1RYS A —% ~ v~ ~AHBECHW/ETEET Lo HITh
DERHHICEE L, v~ 737 L85 LFE0ARO2 v ) - FEREEEULERE E
FrblL, REFMLTONE 32 ) — M ERERROMETT » /o, ZOHEET 1Dl
% Fig 6.3 21TRT -

HERS B LR v, o v 2 ) — b, BEEOBEYOERMEER T TH,
o i, TR S LCTERT AR S 70y 7 2ic & Eh AR EOFE T RICH
3 7 B AN A TER T 5 2 5 2 B TR~ BN LAV ORFR AR ORI ¥ 7
A LAY, FOMO DT, —RSEEN L ENEE oM SV TIER s h - BRI
A7 »4 vhica 2 D% Hv T,

HEsE R4 Table 6 3. 14, £ FLGREDF -7 035 A AHEREAREE TON v <K
BROMM A% Fig6 3 3405 Fig6 38 £ TiRRT. SEOEREP ST 2LEF 0 vRTEIE
X 10cm OREZRETEKD S v 7 TORMER Z 0+ FECL LTRSS, &7 SRR
OBEEABICOWTRY —= 37 LEREETE (Fig. 6.3 10 Case 1DEE) THa~ 7 Y
— b ERRATTS (Fig6.3.1 @ Case 2 DIEEA) THAIMICHED IO DIFIE O FHH500Rl & 1 0
KE, L, COIER IETTIT-> T0a s, EEBEOEROEEICE, +y—7wid 7 4A
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Table 6.1.1 Neutron and Gamma Heating, and Deuterium Gas
Production by Radiolysis

Unit 01d Tank New Tank
Neutron Heating (kW) 1.18x107¢2 8.90x107%
Gamma Heating (kW) 2.77x1072 8.41x107t
Total Heating (kl¥) 3.96x107! 3.30x1071
Neutron Inperted Energy (eV/Hr) 2.64x1043 2.00x1024
Gamma |nperted Energy  (eV/he) 6.23x10%3 1.89x1025
Total Inperted Energy  (eV/hr) 8.87x1023 2.09x102°
Deuterium Gas (i/hr) - 3.3x 1072 7.8x 1071

Table 6.2.1 Reduction of thermal neutron flux as a function
of heavy water concentration (at r=154 cm)

New Tank

D20 concentration Thermal neutron flux Ratio
( mol% ) ( n/cmisec ) (%)
100 ].743X10%° 1.000
99.5 1.431X10'° 0.821
97.5 7.489X10° 0.430
95.0 4.402X10° 0.253
80.0 2.625X10° 0.151
0ld Tank :

D20 Concentration Thermal neutron flux Ratio
( mol% ) { n/cmisec ) (%7
100.0 3.216X10° 1.000

99.5 2.956X10° 0.919
97.5 2.104x%108 0.654
95.0 1.459X10° 0.454
90.0 8.776X107 | 0.304
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Table 6.3.1 Dose Rate Distributions in the Thermal Column and
the Concrete Shield

Distances from Old Tank New Tank {Pb=10cm)

the Core Center(cm) Case 1 Case 2

Gamma Dose Rates . (R/hr) (R/hr) (R/hr)
154.0 6.17x102 5.68x104 3.21x104
154.5 - 4,.81x10% —-—=
164.5 —-—— 8.33x10! -——
329.0 - - 1.24x10%
329.5 -—= —-—— 9.89x10*
339.5 1.37x107° 2.08x10* 3.49x10"
463.5 2.81x107¢ 5.42x10° ¢ 8.87x1073

Neutron Dose Rates (Rem/hr> (Rem/hr) (Rem/hr)
154.6 2.32x10% 6.61x104 7.55x10%
154.5 - 2.01x10! -
164.5 —-—— 5,98x10° —-——
329.0 - - i.11x104
329.5 - -—= 1.24x10"
339.5 1.49x10% 4.72x10" 7.90x10"
163.5 2.36x10°3 §.15x107° 8.51x1072

CASE 1 : The lead laver is placed on the pool side
CASE 2 : The Tead layer is placed in front of the concrete shield
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